The two opposite signaling pathways that stimulate NFkB activation and apoptosis are both mediated by tumor necrosis factor receptor 1 (TNFR1) and its cytosolic associated proteins. In this study, we demonstrate that the proteolytic cleavage of receptor interacting protein (RIP) by caspase-8 during TNF-induced apoptosis abrogates the stimulatory role of RIP on TNF-induced NF-kB activation. The uncleavable RIP D324A mutant was less apoptotic, but its ability to activate NF-kB activation was greater than the wild type counterpart. Ectopic expression of the pro-apoptotic C-terminal fragment of RIP inhibited TNF-induced NF-kB activation by suppressing the activity of I-kB kinaseb (IKKb) which phosphorylates I-kB, an inhibitor of NF-kB, and triggers its ubiquitin-mediated degradation. The Cterminal fragment of RIP also enhanced the association between TNFR1 and death domain proteins including TNFR1 associated death domain (TRADD) and Fas associated death domain (FADD), resulting in the activation of caspase-8 and stimulation of apoptosis. The present study suggest that the C-terminal fragment of RIP produced by caspase-8 activates death-inducing signaling complex (DISC), attenuates NF-kB activation, and thereby ampli®es the activation of caspase-8 which initiates the downstream apoptotic events. Oncogene (2000) 19, 4491 ± 4499.
Introduction
CED-3 and its mammalian homologous caspase are required for the execution of apoptosis (Cryns and Yuan, 1998) . Numerous cellular proteins have been reported to be cleaved by caspases during the course of apoptosis. Among the caspase substrates, protein kinase C (PKC), p21 activated protein kinase (PAK), and MEK kinase 1 (MEKK1) are transformed into pro-apoptotic executors by proteolytic cleavage (Cardone et al., 1997; Datta et al., 1997; Rudel and Bokoch, 1997) . In addition, caspases destroy death antagonists such as Bcl-2 (Cheng et al., 1997) and DFF45/ICAD (Enari et al., 1998; Liu et al., 1999) .
Caspase-8, a member of a mammalian caspase family, has been reported to be activated after recruitment to death receptors such as Fas/CD95 and TNF receptor-1 (TNFR1) (Muzio et al., 1996) . These receptors recruit death domain proteins such as Fas associated death domain (FADD) and TNFR1 associated death domain (TRADD) to propagate the apoptotic signals (Nagata, 1997) . The association of FADD with the death domain of Fas results in the formation of the death-inducing signaling complex (DISC) (Kischkel et al., 1995) .
Upon the induction of apoptosis, caspase-8 is recruited to DISC through the interaction between the death eector domain (DED) of caspase-8 and FADD. The recruitment of caspase-8 leads to the activation of caspase-8, an initiator of the downstream apoptotic events . The activated caspase-8 directly mediates the downstream caspase cascade by activating caspase-3 through proteolytic cleavage, as well as triggering the mitochondrial damage through the cleavage of BID, a death agonist member of the Bcl-2 family (Scadi et al., 1998) .
While Fas speci®cally mediates apoptosis, TNFRs mediate cell survival as well as apoptosis through the activation of transcription factor NF-kB (Beg and Baltimore, 1996) . NF-kB activation by TNF is mediated by the TNF receptor associated proteins, including the death domain kinase receptor interacting protein (RIP) (Hsu et al., 1996; Stanger et al., 1995) and the TNFR associating factors (TRAFs) (Rothe et al., 1994 (Rothe et al., , 1995 . RIP interacts with the proteins containing the death domains such as Fas, TNFR1, FADD, and TRADD, through its C-terminal death domain (DD), while TRAF2 interacts with the N-terminal kinase domain (KD) and the intermediate domain (ID) of RIP (Hsu et al., 1996; Varfolomeev et al., 1996) . Recently, RIP2 and RIP3 containing the conserved kinase domain and the variable C-terminal domains have been isolated and proved to activate NF-kB (McCarthy et al., 1998; Sun et al., 1999) . The indispensable role of RIP on NF-kB activation was supported by the studies showing a severe reduction in TNF-induced NF-kB activation but normal JNK activation in RIP de®cient mice (Kelliher et al., 1998; Yeh et al., 1997) . Positively charged amino acid residues in ID were known to be required for NF-kB activation (Ting et al., 1996) . Cellular function of RIP on NF-kB activation appeared to be independent of TRAF2, since TRAF2 knock-out mice exhibited almost intact TNF-induced NF-kB activation but severe reduction in JNK activation (Yeh et al., 1997) .
Studies have described, the anti-apoptotic eects of RIP on TNF-induced apoptosis through the activation of NF-kB. However, there are studies suggesting that RIP mediates apoptosis as well as cell survival (Hsu et al., 1996; Stanger et al., 1995) . The present study demonstrates that the proteolytic cleavage of RIP by caspase-8 abrogates TNF-induced NF-kB activation and mediates downstream apoptotic events induced by TNF. The cleavage of RIP blocks TNF-induced NFkB activation by inhibiting the activity of IKKb. In addition, the C-terminal fragment of RIP contributes to apoptosis by activating caspase-8 through the recruitment of FADD to TNFR1 complex.
Results

RIP is cleaved by caspase-8 during apoptosis
TNF-induced apoptotic signal transduction pathway is known to be mediated by the recruitment of intracellular death domain proteins such as FADD, TRADD, and RIP into the death receptors (Nagata, 1997) . Cellular levels of death domain proteins were measured during the course of UV-induced apoptosis in HEK293 cells (Figure 1a ). UV irradiation was reportedly known to induce Fas and FasL expression (Kasibhatla et al., 1998) . However, the expression of FADD or TRADD was not changed during UVinduced apoptosis. Interestingly, a 39 kDa fragment of RIP was generated during UV-induced apoptosis ( Figure 1a ). The RIP cleavage was also observed during Fas-or TNF-induced apoptosis (Figure 1b, c; upper panels) . The RIP cleavage during apoptosis seems to be mediated by caspases since the treatment of HEK293 cells with zVAD-fmk, a general caspase inhibitor, suppressed the RIP cleavage induced by Fas antibody or TNFa (Figure 1b,c; lower panels) .
To identify the caspase isozyme responsible for the cleavage of RIP, in vitro translated [ 35 S]RIP was incubated with E. coli cell lysates containing the active recombinant caspase-1, -3, or -8 in the presence or absence of zVAD-fmk. Only caspase-8 was able to cleave RIP into the fragments of 39 kDa and 34 kDa along with a nonspeci®c 12 kDa fragment (Figure 2a) . In order to identify the domain containing the cleavage site, the genetic template of each RIP fragment was produced using PCR and cloned into pcDNA3-HA (Figure 2b ). RIP fragments produced by in vitro translation were incubated with E. coli lysate containing caspase-8. The data reveal that the cleavage by caspase-8 occurred in the intermediate domain (ID) of mutant, in which Asp at 324 was substituted to Ala, was resistant to caspase-8-catalysed cleavage, while RIP D300A and RIP D380A mutants remained sensitive to caspase-8 (Figure 2c ). The cellular cleavage of HAtagged RIP or RIP D324A expressed in HEK293 cells was also examined during TNF-induced apoptosis. The data indicate that RIP is cleaved in cells at D324 by caspase-8 in response to TNF (Figure 2d ).
The C-terminal cleavage product of RIP is apoptotic
The RIP cleavage by caspase-8 produces two fragments: a 34 kDa N-terminal fragment (NTF) containing the Ser/Thr kinase domain and a 39 kDa Cterminal fragment (CTF) containing the intermediate domain (ID) and the death domain (DD). Normal or RIP(7) Jurkat cells (Ting et al., 1996) were transfected with RIP, NTF, CTF or RIP
D324A
, and the roles of RIP cleavage products on apoptosis were evaluated in transfected cells (Figure 3a, b) . Ectopic expression of RIP or CTF induced apoptosis in both normal and RIP(7) Jurkat cells, but the expression of NTF did not induce apoptosis ( Figure 3b ). RIP D324A mutant was less apoptotic than wild type RIP. The ability of RIP or CTF to induce apoptosis was abrogated if the viral caspase inhibitor, crmA, was expressed.
TNF-induced NF-kB activation is abrogated by RIP cleavage
RIP has been shown to play a role in TNF-induced NF-kB activation (Kelliher et al., 1998) . In Figure 4 , we examined the eects of the RIP cleavage on TNFinduced NF-kB activation in RIP(7) Jurkat cells. The ectopic expression of RIP or RIP D324A stimulated TNFinduced NF-kB activation in transfected cells while CTF expression suppressed TNF-induced NF-kB activation. However, TNF-induced NF-kB activation was not aected by the expression of NTF. The uncleavable RIP D324A displayed stronger stimulatory eects on NF-kB activation than the wild type counterpart did (Figure 4a ). If the cleavage of RIP was blocked by the co-expression of crmA, RIP induced almost same folds of NF-kB activation as RIP D324A ( Figure 4b ). Since NF-kB activity has been shown to be directly regulated by the level of I-kB, an inhibitor of NF-kB (DiDonato et al., 1996) , the cellular levels of I-kBa in RIP(7) Jurkat cells over-expressing RIP or its cleavage products were examined (Figure 4c ). Cellular levels of I- ) were transfected with 2 mg of pcDNA3-HA-RIP or pcDNA3-HA-RIP D324A and incubated for 24 h. Cells were treated with speci®ed concentration of recombinant human TNFa plus 10 mg/ml of cycloheximide for 16 h. Proteolytic cleavage of RIP was examined by 10% SDS ± PAGE and immunoblot analysis using monoclonal antibody against HA kBa were down-regulated by the expression of RIP, but the expression of the RIP cleavage products, CTF and NTF, did not in¯uence the cellular I-kBa level. I-kBa was almost undetectable in TNF-treated cells over-expressing RIP
D324A
. Studies have shown that the downregulation of I-kB is mediated by phosphorylation of IkB by IKK (Mercurio et al., 1997; Zandi et al., 1997) . TNF-induced activation of IKK was known to be mediated by the regulatory subunit IKKg (Rothwarf et al., 1998) , and RIP was shown to associate with IKKg (Zhang et al., 2000) . In Figure 4d , we examined the roles of RIP and its cleavage products on IKK activity. The expression of RIP or its cleavage products in RIP(7) Jurkat cells did not aect TNF-induced activation of IKKa. In contrast, expression of RIP or RIP D324A induced an enhancement of IKKb activity, while IKKb activity was inhibited by the expression of NTF or CTF suggesting that the activation of IKKb requires the action of uncleaved RIP.
The C-terminal cleavage product of RIP stimulates the association of FADD with TNFR1 complex and subsequent activation of caspase-8
Death domain proteins such as FADD, TRADD, and RIP form a signaling complex to transmit apoptotic signals downstream from Fas and TNFR1. In Figure  5a , we evaluated the apoptotic function of RIP cleavage products by monitoring the recruitment of death domain proteins to TNFR1 in RIP(7) Jurkat cells. HA-RIP fragments, TNFR1, and crmA were coexpressed along with FLAG-TRAF2, Myc-TRADD, or GFP-FADD in RIP (7) Jurkat cells, and the association of TNFR1 with TRADD, FADD, TRAF2 or RIP fragments was examined (Figure 5a ). The expression of RIP resulted in an increase in the TNFR1 interaction with TRADD, FADD or TRAF2. TNFR1 interaction with TRADD or FADD was also enhanced by the co-expression of CTF, while the association between TNFR1 and TRAF2 was enhanced by the NTF expression. The data suggest that CTF alone can induce apoptosis by enhancing recruitment of FADD and TRADD to TNFR1. The recruitment of death domain proteins to TNFR1 has been shown to activate caspase-8 and triggers a caspase cascade during the course of apoptosis (Varfolomeev et al., 1998) . Thus, we measured cellular caspase activities in RIP(7) Jurkat cells expressing RIP fragments by using colorimetric peptide substrates (Figure 5b ). The activation of caspase-8 and caspase-3 was observed in RIP(7) Jurkat cells expressing RIP or CTF, while the activities of caspase-9 were marginally aected by the expression of the death domain of RIP. The levels of caspase-8 and caspase-3 activities in cells expressing uncleavable RIP D324A were lower than those in cells expressing wild type RIP. This result suggests that the proteolytic cleavage of RIP contributes to apoptosis by activating the caspase-8 and the subsequent activation of caspase-3.
To delineate the role of CTF on the activation of caspases through the recruitment of FADD to TNFR1, GFP-FADD was co-expressed with RIP fragments in HEK293 cells and the subcellular location of GFP-FADD was monitored. Exposure of cells to TNFa resulted in the translocation of GFP-FADD from cytoplasm to cell membrane ( Figure 6 ). The translocation of GFP-FADD to cell membrane was also observed in cells over-expressing RIP or CTF. NTF did not aect the subcellular localization of GFP-FADD. These ®ndings suggest that CTF stimulates the recruitment of FADD to the transmembrane death receptors leading to the formation of DISC and subsequent activation of caspase-8.
Discussion
The proin¯ammatory cytokine TNF triggers two distinct cellular events, apoptosis and NF-kB activa- tion. TNF-induced apoptosis is mediated by the recruitment of FADD to TRADD followed by the activation of caspase-8 or 10 (Nagata, 1997). Activated caspase-8 elicits apoptotic signals by cleaving the downstream caspases or other cellular substrates such as Bid . On the other hand the recruitment of other cytoplasmic adapter proteins such as RIP and TNFR associated factors (TRAF) into the death domain proteins, contributes to TNF-induced NF-kB activation (Hsu et al., 1996; Rothe et al., 1994 Rothe et al., , 1995 Stanger et al., 1995) . The TNF signaling pathway leading to NF-kB activation is thought to contribute to cell survival by transcriptional activation of antiapoptotic gene products such as caspase inhibitor survivin and cIAP Tamm et al., 1998) . However, the link between these two contradictory cellular events induced by TNF is unknown.
Although RIP protects cells from TNF-induced apoptosis in animal studies (Kelliher et al., 1998) , over-expression of RIP has been shown to induce apoptosis in T lymphocytes (Hsu et al., 1996; Stanger et al., 1995) . As shown in Figure 1 , RIP ) were co-transfected with pcDNA3-3X-kB-Luc (0.5 mg), pcDNA3-b-galactosidase (0.5 mg), and pcDNA3-HA vector constructs encoding RIP fragments (2 mg). After incubation for 24 h, the cells were treated with 20 ng/ml of TNFa for 12 h, and the luciferase activities in the transfected cells were examined by Luciferase Assay Kit (Promega, USA). (b) TNF-induced NF-kB activation was measured in RIP(7) Jurkat cells expressing crmA. The values were normalized to the level of the activity of co-transfected b-galactosidase. Data represent the results of three independent experiments. (c) Cell lysates (100 mg) were resolved by 12% SDS ± PAGE, and the level of I-kBa protein was examined by immunoblot analysis using monoclonal antibody against I-kBa. (d) Vector constructs encoding RIP fragments (4 mg) were co-transfected with either pRK7-FLAG-IKKa (2 mg) or pRK5-FLAG-IKKb (2 mg) into RIP(7) Jurkat cells (5610 6 ). After incubation for 36 h, cells were treated with 20 ng/ml of TNFa for 20 min. FLAG-IKK was immunoprecipitated using anti-FLAG antibody. The immunecomplex was incubated at 308C with GST-I-kBb (1 mg) in the presence of 100 mCi/ml of [ 32 P]-g-ATP. Phosphorylation of GST-I-kBb was analysed by 10% SDS ± PAGE and subsequent autoradiography. The cellular levels of FLAG-IKKa and FLAG-IKKb were examined by immunoblotting using monoclonal antibody against FLAG cleavage is as early an event as PARP cleavage during apoptosis induced by Fas, TNF or UV irradiation. Caspase-8 cleaves RIP at Asp324 in the intermediate domain (ID) , and generates two RIP cleavage products: an N-terminal fragment containing KD and a C-terminal fragment containing ID and DD (Figure 2) . Results in Figure 3 show that CTF is responsible for the stimulation of apoptosis in RIP(7) Jurkat cells. The caspase resistant RIP D324A mutant was less apoptotic than the wild type RIP, supporting the pro-apoptotic function of the C-terminal cleavage product of RIP. Figure 5 The C-terminal fragment of RIP stimulates the association of FADD with TNFR1. (a) The pcDNA3-HA vector constructs (4 mg) encoding RIP fragments, pRK5-TNFR1, and pEF-crmA were co-transfected, along with pRK-Myc-TRADD (2 mg), pRK7-FLAG-TRAF2 (2 mg), or pEGFP-C1-FADD (2 mg) into RIP (7) cells (5610 6 ). After incubation for 36 h, the transfected cells were incubated in the presence or absence of TNFa (20 ng/ml) for 15 min. Expressed proteins in transfected cells were immunoprecipitated using anti-TNFR1 antibody. The immunoprecipitated proteins were analysed by immunoblotting using monoclonal antibody against GFP, Myc, FLAG, HA or TNFR1. (b) RIP (7) Jurkat cells (5610 6 ) were transfected with the vector constructs encoding RIP fragments (4 mg). After incubation for 36 h, cellular caspase activities was measured by using colorimetric peptide substrates. Ac-DEVD-pNA, Ac-IETD-pNA or Ac-LEHD-pNA was employed as a speci®c substrate for caspase-3, -8, and -9, respectively ) were co-transfected with pcDNA3-HA vector constructs encoding RIP fragments (2 mg), pEGFP-C1-FADD (1 mg), and pEF-crmA (0.5 mg). After incubation for 36 h, transfected cells were incubated with or without TNFa (20 ng/ml) for 15 min. The subcellular location of GFP-FADD was examined by¯uorescent microscope (Nikon, Japan) While CTF sensitizes cells to apoptosis, RIP was known to participate in the NF-kB activation as well as cell survival (Kelliher et al., 1998) . The caspase-8-mediated RIP cleavage attenuated the stimulatory function of RIP on NF-kB activation (Figure 4a) . Ting et al. (1996) have reported that the positively charged amino acids between residues 391 and 422 in intermediate domain (ID) of RIP are essential for the stimulation of NF-kB activation. The data in Figure 4 indicate that the uncleaved RIP is required for NF-kB activation. Since CTF containing these positively charged amino acid residues, 391 ± 422, lacks the ability to stimulate TNF-induced NF-kB activation.
A recent report by Lin et al. (1999) also showed the cleavage of RIP by caspase-8 during apoptosis, suggesting the abrogation of NF-kB activation by RIP cleavage. However, the biochemical mechanism for the abrogation of TNF-induced NF-kB activation by RIP cleavage remains ambiguous. NF-kB activation by TNFR1 is known to be mediated by downregulating the activity of I-kB, which is an inhibitory protein of NF-kB (DiDonato et al., 1996) . The phosphorylation of S32 and S36 targets I-kBa and IkBb for ubiquitination and subsequent ubiquitinmediated degradation (DiDonato et al., 1996) . Recent studies have shown that IKKs phosphorylate I-kB , and RIP contributes to NF-kB activation by stimulating IKK activity (Sanz et al., 1999; Zhang et al., 2000) . As shown in Figure 4c , intact RIP induced NF-kB activation through IKKb activation, while the cleavage products of RIP failed to activate IKKb.
Several studies have presented the pro-apoptotic function of CTF in dierent types of cells (Hsu et al., 1996; Lin et al., 1999; Stanger et al., 1995) . However, the biochemical mechanism for the proapoptotic function of CTF has not been clari®ed. Our data in Figure 5a suggest the recruitment of cytoplasmic FADD into the transmembrane TNFR1 in cells over-expressing CTF. The interaction of FADD with TNFR1 was known to induce the activation of caspase-8 (Muzio et al., 1996) . It was then necessary to determine whether the expression of CTF, which enhances the interaction between FADD and TNFR1, activates caspase-8 and initiates a caspase cascade. Our data demonstrate an increase in the activities of caspase-8 and -3 in cells expressing CTF (Figure 5b ). The death domain motifs have a tendency to selfaggregate. It has been shown that the self-aggregation of the death domain of RIP by itself is sucient to elicit apoptosis (Grimm et al., 1996; Varfolomeev et al., 1996) . Self-association of RIP might induce the formation of DISC and activate caspase-8. Activated caspase-8, in turn, cleaves RIP, abrogating the stimulatory function of RIP on NF-kB activation. The present study suggests that caspase-8 induces the RIP cleavage and the C-terminal fragment of RIP, a RIP cleavage product by caspase-8, mediates the intracellular signaling that leads to apoptosis.
Materials and methods
Reagents and antibodies
A caspase inhibitor, zVAD-fmk and the caspase substrates, Ac-DEVD-pNA, Ac-IETD-pNA and Ac-LEHD-pNA were purchased from Enzyme System Products (USA). Monoclonal antibody against hemaglutinin (HA) was supplied by Boehringer-Manheim (Germany) and anti-FLAG antibody (M2) was from Sigma (USA). Anti-human Fas IgM (CH-11) was obtained from Oncor (USA). Monoclonal antibodies against RIP (G322-2), TRADD (B36-2), and FADD (A66-2) were from Pharmingen (USA). Anti-TNFR1 (H-271), TRAF-2 (H-10), and I-kBa (H-4) antibody were from Santa Cruz Inc. (USA). Recombinant human TNFa was purchased from R&D Systems (USA).
Cell lines and analysis of cell death
Human embryonic kidney (HEK) 293 cells were grown in DMEM (GIBCO-BRL) supplemented with 10% fetal bovine serum. Jurkat and RIP(7) Jurkat cells (gift from Dr Seed, B. Harvard Medical School, USA) (Ting et al., 1996) were grown in RPMI1640 with 10% fetal bovine serum. After induction of apoptosis, cells were harvested by centrifugation at 700 g for 5 min and resuspended in PBS containing 20 mM EDTA. Cells were immediately ®xed with ice-cold 70% (®nal) ethanol and incubated on ice for 1 h. Fixed cells were treated with RNase A (2 units/ml) and stained with PI (50 mg/ml). Apoptosis was determined by the percentage of hypoploid cells by FACS. Flow cytometric quanti®cation of apoptosis was determined by using CellQuest software (Becton Dickinson, USA).
Vectors and transfection
Fragments of human RIP cDNA (Hsu et al., 1996) were generated by PCR (Figure 2b ) and cloned into BamHI/XhoI site of pcDNA3-HA (Invitrogen, USA). Uncleavable RIP D324A was produced by PCR mutagenesis kit (Stratagene, USA). Vector constructs were transfected into HEK293 cells (5610 6 ) using LipoFECTAMINE reagent (GIBCO-BRL, USA) and into RIP(7) Jurkat cells (5610 6 ) by electrophoration at 0.4 kV and 960 mF using electrophorator (BioRad, USA). To assess the activation of NF-kB, pcDNA3-3X-kB-Luc and pcDNA3-b-galactosidase were co-transfected into cells with various vector constructs, and luciferase activity was measured using Luciferase activity assay kit (Promega, USA). Luciferase activity was normalized relative to the co-expressed b-galactosidase activity. S]RIP by caspases was examined as described previously (Muzio et al., 1996) . E. coli BL21(DE3) was transformed with pET21a-caspase-1, pMal-caspase-3, or pET15b-caspase-8, and the expression of recombinant caspases was induced by 1 mM IPTG. The [ 35 S]RIP were incubated in 2 mg of E. coli BL21(DE3) cell lysates containing recombinant human caspase-1, 3 or 8 proteins at 378C for 2 h. Proteolytic cleavage of RIP was analysed by 12% SDS ± PAGE and autoradiography.
I-kB kinase assay I-kB kinase activity was measured by the method described (Regnier et al., 1997) . Vector constructs encoding RIP fragments (4 mg) were co-transfected into HEK293 cells (5610 6 ) with 2 mg of pRK7-¯at-IKKa or pRK5-¯ag-IKKb. After incubation for 36 h, cells expressing FLAG-IKKa or FLAG-IKKb were treated with 20 ng/ml of recombinant human TNFa for 20 min. The cells were lysed in a lysis buer containing 50 mM HEPES (pH 7.6), 100 mM NaCl, 10% glycerol, 1 mM EDTA, 20 mM b-glycerophosphate, 20 mM para-niotrophosphate, 1 mM Na 3 VO 4 , 1 mM NaF, 1% NP-40, and 1 mM PMSF. FLAG-IKKa or FLAG-IKKb was immunoprecipitated using anti-FLAG antibody. IKK activity of the immunecomplexes was determined by the incubation at 308C for 30 min in a reaction buer containing 20 mM HEPES (pH 7.5), 20 mM b-glycerophosphate, 10 mM MgCl 2 , 100 mM Na 3 VO 4 , 2 mM DTT, 20 mM ATP, 100 mCi/ ml [ 32 P]gATP (Amersham, USA), and 1 mg of GST-I-kBb. Phosphorylation of GST-I-kBb was analysed by 10% SDS ± PAGE and autoradiography.
Co-immunoprecipitation and Western blotting
Transfected cells were lysed in E1A buer containing 50 mM HEPES (pH 7.4), 250 mM NaCl, 0.1% NP-40, 5 mM EDTA, 10 mg/ml leupeptin and 1 mM PMSF (Hsu et al., 1995) . Lysates were incubated with 10 mg of anti-TNFR1 antibody at 48C for 2 h, and the immunecomplexes were incubated with a 1/10 volume of protein G agarose for another 2 h. The beads were washed twice with high salt (500 mM NaCl) E1A buer and E1A buer in succession. The precipitates were resolved in SDS ± PAGE, and the associated proteins were analysed by immunoblotting using monoclonal antibodies against GFP, Myc, FLAG, HA or TNFR1.
Caspase activity assay RIP(7) Jurkat cells expressing RIP fragments were lysed in a lysis buer containing 20 mM HEPES (pH 7.4), 100 mM NaCl, 0.5% Nonidet P-40, 10 mM dithiothreitol, 1 mM phenylmethylsulfonyl¯uoride, and 1 mg/ml leupeptin (Tewari et al., 1995) . Caspase activity was measured using colorimetric peptide substrates. Ac-DEVD-pNA, Ac-IETApNA, or Ac-LEHD-pNA was employed as a speci®c substrate for caspase-3, -8, and -9, respectively (Komoriya et al., 2000) . Cell lysate proteins (10 mg) were incubated with each 100 mM of peptide substrate for 2 h at 308C, and caspase activities were monitored by measuring the absorbance of the substrate solution at 405 nm.
Fluorescence microscopy
The pEGFP-C1-FADD (1 mg), pcDNA3-HA-RIP fragments (2 mg) and pEF-crmA (1 mg) were co-transfected into HEK293 cells (5610 5 ). After transfection (36 h), cells were treated with 20 ng/ml of TNFa for 20 min and washed twice with PBS and ®xed in 3.7% formaldehyde in PBS for 30 min. Expression of the GFP-FADD was observed by¯uorescence microscope (Nikon, Japan).
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